ABSTRACT: The structural preorganization of isosequential ssDNA and ssRNA hexamers d/r(GAAAAC) 1 [J. Am. Chem. Soc. 2003, 125, 9948] have been investigated by NMR and molecular dynamics simulations. Analysis of the nuclear Overhauser effect spectrometry (NOESY) footprints in the aqueous solution has shown that there is a substantial population of ordered right-handed helical structure in both hexameric single-stranded DNA and RNA, which are reminiscent of their respective right-handed helical duplex form, despite the fact these single-stranded molecules are devoid of any intermolecular hydrogen bonds. The NMR-constrained molecular dynamics (1.5 ns) derived geometries of the adenine-adenine overlaps at each dinucleotide step of the hexameric ssDNA (1a) and ssRNA (1b) show that the relatively electronrich imidazole stacks above the electron-deficient pyrimidine in 5′ to 3′ direction in ssDNA (1a) while, in contradistinction, the pyrimidine stacks above the imidazole in the 5′ to 3′ direction in ssRNA (1b). This also means that the π-frame of the 5′-pyrimidine can interact with the relatively positively charged imino and amino protons in the 3′ direction in ssRNA and in the 5′ direction in ssDNA, thereby stabilizing the twist and slide observed in the stacked oligonucleotides. The differently preferred stacking geometries in ssDNA and ssRNA have direct physicochemical implications for self-assembly and pK a modulation by the nearest-neighbor interactions, as well as for the dangling-end stabilization effects and imino-proton reactivity.
In single-stranded (ss) DNA and RNA, the helix is devoid of intermolecular hydrogen bonding, which normally helps to stabilize the double-stranded form (1a,b) . In ssRNA, the self-assembly is further stabilized by the presence of the 2′-OH group, as well as by both canonical and noncanonical hydrogen bonds, stacking, and metal ion interactions to give complex biologically vital RNA scaffolds. Although much is known about the role of stacking in dictating the geometry and function of single-stranded nucleic acids, in general (2, 3), by low-resolution NMR (3a-c,i,j) , calorimetry (4d), absorption spectroscopy (3k), optical rotatory dispersion (ORD) (3h), or osmometry (3g), no direct high-field NMR studies on the stacking interaction patterns have yet been available on sequences that do not form any higher order conformations such as hairpins or pseudoknots. Although there are several reports of high-resolution structures of ssDNA and ssRNA bound to various proteins (4b,m,o-s), they reveal very little about the structural preferences of the unbound oligomers since a common feature upon protein binding is that the protein retains most of its structural integrity while the oligomers undergo an induced fit upon binding. On the other hand, some recent papers have shed considerable light regarding the nature of intramolecular aromatic interactions in nucleic acids and their complexes (4, 5) by critical analysis of X-ray crystallographic data.
Many ssDNAs and ssRNAs show their functional properties upon binding to specific proteins (2, 4) . Specific recognition of single-stranded nucleic acids is a fundamental requirement in the most central biological processes (4j) such as telomere recognition, DNA replication and repair, transcription, translation, and RNA processing. It is also well established that single-stranded dangling ends add to the stability of both DNA and RNA duplexes (6). Comparison of ssDNA with ssRNA dangling-end motifs shows (6c) that 5′-dangling ends on a DNA/DNA duplex contribute to its stability equally or more than their RNA counterparts. Conversely, 3′-dangling ends on a RNA/RNA duplex (6a,e) contribute to stability equally or more than their DNA counterparts (6c).
Vesnaver and Breslauer have shown by differential scanning calorimetry that a 13mer ssDNA has some ordered single-stranded structure (4d). An in-depth understanding of the preorganized conformations of ssDNA and ssRNA is a prerequisite to understand various intra-and intermolecular associations of nucleic acids, as well as to engineer improved hybridization probes to form homo-or heteroduplexes and -triplexes having diagnostic, catalytic, or therapeutic potential and prebiotic chemistry implications (2, 7).
pH-dependent NMR and biochemical reactivity studies (8) have shown that local changes in the microenvironment cause a large number of RNA, and in some cases DNA, to have their pK a values of their protonation/deprotonation sites significantly perturbed relative to the pK a of the corresponding monomer. The pK a perturbation of the aglycone in DNA or RNA is most likely the result of restricted accessibility of the aqueous environment to the immediate proximity of the protonation/deprotonation site. Such shifts in pK a values of aglycones in DNA and RNA have recently been recognized (7, 8) to be an important source of information about neighboring electrostatics, as well as the partial charge distribution over the whole molecule, which are useful to understand the modulation of the chemical reactivity and functional specificity.
In the present study, two hexamers, d(GAAAAC) 1 (1a) and r(GAAAAC) 1 (1b) (Figure 1) , were chosen as model systems since extensive pH-and temperature-dependent NMR data (7f, Table S3 in the Supporting Information) were already available for these two compounds and they showed different pK a modulation in ssRNA in relation to ssDNA (Table S3 in the Supporting Information), which strongly hinted that their nearest-neighbor adenine-adenine stacking interactions are different.
We here report our NMR studies of the structures of hexameric ssDNA (1a) and ssRNA (1b) determined using NMR-constrained molecular dynamics simulations, both at constant temperature and by a temperature cycling protocol. The hexamers both adopt a dominant conformation in the aqueous solution in the NMR time scale that is reminiscent of the B-type helix for the ssDNA hexamer (1a) and of A-type helix for the ssRNA hexamer (1b).
EXPERIMENTAL PROCEDURES
A. NMR Experiments. All NMR experiments (7) were performed on a DRX-600 spectrometer. The protons of all compounds have been assigned by 1 H nuclear Overhauser effect spectrometry (NOESY), 1 H double-quantum-filtered correlation spectroscopy (DQF-COSY) with and without 31 P decoupling and 31 P, 1 H correlation spectroscopy at 278, 283, and 298 K. All NOESY spectra were recorded using a mixing time (τ m ) of 500 and 800 ms. For each free induction decay (FID) of NOESY, 1 H DQF-COSY, 31 P-decoupled 1 H DQF-COSY, and total correlation spectroscopy (TOCSY) spectrum, 64-128 scans were recorded with a relaxation delay of 2 s. Four thousand complex data points were collected in the t 2 dimension, and 256-1024 experiments were run in the t 1 dimension.
B. Assignment. The assignments of dGAAAAC (1a) and rGAAAAC (1b) are presented in Figure S1 , panels A-G, in the Supporting Information. All chemical shifts are given in Table S4 in the Supporting Information.
C. NMR-Constrained Molecular Dynamics Simulations. (i) Structure Building. Canonical starting structures for the hexameric ssDNA and ssRNA were built with SYBYL (9) using the biopolymer option. The DNA hexamer was built from a B-type antiparallel duplex (because of the observed typical B-type NOESY footprint), where the second strand was subsequently deleted. The RNA hexamer was built (because of the observed typical A-type NOESY footprint) correspondingly from an A-type antiparallel RNA duplex, where the second strand was deleted. The XLEAP module configured with the parm94 parameter set for AMBER 6.0 (10) was used to create the topology file and final starting coordinates. The ssDNA was solvated in a periodic box with the dimensions 41 × 45 × 47 Å 3 filled with 2001 TIP3P water molecules, surrounding the molecule by 10 Å in all dimensions. With the same procedure, the ssRNA was solvated in a 41 × 46 × 46 Å 3 box filled with 2009 water molecules. The phosphate negative charges were neutralized by the addition of Na + counterions, replacing nearby overlapping water molecules.
(ii) NMR Constraints Used for the Molecular Dynamics Simulations. The ∑ H1′ and ∑ H2′ sums of couplings from the phosphorus decoupled DQF-COSY were used to estimate the percent of 2′-endo and 3′-endo sugar conformations (11) of all residues of both the DNA and the RNA hexamers ( Table 1 ). The ssDNA residues G, A 1 , A 2 , A 3 , and A 4 were found to be predominantly (75%) in South-type conformation and were constrained to P ) 120-210°, and the ssRNA A 2 , A 3 , A 4 , and C residues, which were found to be predominantly (>75%) in North-type conformation, were constrained to P ) 0-120°. The ssDNA G 1 and ssRNA G 1 and A 1 residues showed mixed conformations (<75% of either 2′-endo or 3′-endo) and were constrained to P ) 0-210°. Qualitative NMR data was used to draw conclusions (12) (13) (14) (15) about the available conformational hyperspace of the backbone. The (n)P-(n)H4′ correlation is only detectable when the four bonds in the H4′-C4′-C5′-O5′-P backbone are located in the same plane forming a W-shaped conformation (15) . This is possible when the and γ torsions are trans and gauche + , respectively, which is the most common conformation for both A-and B-DNA. The presence of strong (n)P-(n)H4′ cross-peaks for all residues for both FIGURE 1: The molecular structures of the studied (5′-GAAAAC-3′) 1 hexamers (1a and 1b), as well as the blocks used for calculations of oligomerization shifts (2a, 2b, 3a, 3b, 4a, and 4b).
ssDNA and ssRNA shows that the t and γ + conformations are frequently populated.
The 3 J H4′H5′ / ′′ coupling is very sensitive to the γ torsion (11, 12) . When the γ torsion is in gauche + conformation, there will be no strong couplings between H4′ and any of the H5's (1.0-2.5 Hz) while both trans and gauche -will result in a strong (∼10 Hz) coupling between the H4′ and one of the H5's. No strong 3 J H4′H5′ / ′′ could be confirmed for any residue for either ssDNA or ssRNA. It should however be noted that this region is severely crowded, especially for RNA.
If is in gauche -conformation, it should produce a detectable 4 J H2′P coupling when the sugar is in South-type conformation. For ssDNA, no such cross-peaks could be observed; thus the torsion is dominated by trans conformation (12) since gauche + appears to be sterically forbidden (1a) . For ssRNA, 4 J H2′P cross-peaks were observable for residues G, A 1 , A 2 , and A 3 . Since the sugar conformation of the ssRNA is mainly in 3′-endo conformation, only the sterically forbidden + was excluded. NOESY cross-peaks at 800 ms mixing time were used as loose constraints throughout the molecular dynamics simulation. The cross-peaks were classified as either strong or weak and were assigned to 1.8-5.0 and 3.0-6.5 Å, respectively. Strong peaks are considered to originate from direct dipoledipole NOE transfer, while the constraints of the weak peaks allow for a large contribution from spin-diffusion during the relatively long mixing time, 800 ms. All interresidue crosspeaks used in the simulation are showed in Figure S3 in the Supporting Information.
(iii) Molecular Dynamics. The system was first equilibrated in several steps. First the solute was restrained, while the water molecules were minimized for 1000 steps using the steepest descent minimization algorithm. This minimization step is then repeated once restraining only the heavy atoms in the solute. Second, a short MD simulation using 1 fs time steps was run on the system, once again with restrained solute, heating from 100 to 298 K during 3 ps and was then simulated for a total of 30 ps to allow the water molecules rearrange and relax. Another 30 ps of MD was run on the water molecules only, introducing long-range electrostatic interactions using particle mesh Ewald summation. Finally, the whole system was minimized in five cycles, 1000 steps each, gradually releasing the restraints on the solute molecule. Before the production run was started, the system was once more heated from 100 to 298 K during the first 3 ps of a 30 ps MD simulation. During the 3 ps of heating, the experimentally derived NMR distance and dihedral constrains were also scaled up from 0 to 20 kcal mol -1 Å -2 and 0-2 kcal mol
, respectively, and kept constant during the rest of the simulation. The productive MD was then run using 1.5 fs time steps, 9.0 Å VdW interactions cutoff, and the particle mesh Ewald summation method with 1.0 dielectric constant for the long-range electrostatic interactions. The root-mean-square deviation (RMSD) and energy profile of the trajectory was monitored, and the simulation was stopped when both variables had reached equilibrium at 298 K. The MD simulations for both ssDNA and ssRNA were run for 1.5 ns, followed by 1.5 ns of unconstrained simulation.
(iV) Simulated Annealing (SA) MD Simulations. All simulations were performed solvated in a box filled with water molecules with added sodium ions. The starting structures (B-type ssRNA and A-type ssDNA) were heated from 100 to 450 K during 10 ps of MD at constant pressure. The MD was then run at 450 K for another 10 ps while gradually increasing the strength of the dihedral and sugar constraints (Table S2 in the Supporting Information) to full strength (50 kcal mol -1 rad -2 ) and softly introducing the NOE constraints (10 kcal mol -1 Å -2 ), as shown in Figure  S3 in the Supporting Information (all SA-MD constraints are identical to the constrained MD protocol except the sugar pucker constraints, which were 0-60°for N-type and 150-210°for S-type). The strength of NOE constraints were increased to 50 kcal mol -1 Å -2 , together with the dihedral constraints (50 kcal mol -1 rad -2 ), while cooling the system to 100 K during another 10 ps MD simulation. This was then cycled to produce 30 structures, saving the coordinates each time the low temperature was reached (total protocol for 900 ps), which were further minimized, using 5000 steps of gradient minimization. The structures were accepted on the criteria of total potential energy in vacuo (which were in agreement with the NMR observed sugar conformation, Table 1 ).
(V) Structure Sampling. MD coordinates were dumped to the trajectory every 0.15 ps of the molecular modeling simulation. From the trajectory, structures were extracted and saved as snapshots every 10 ps from 480 ps and to the end of the simulation at 1.4 ns for the ssDNA simulation and 1.1 ns for the ssRNA simulation. Ten snapshots from the last 100 ps of the simulation were then stripped of water and analyzed for RMSD and total potential energy. The average structure of the MD trajectory of the last 100 ps was also calculated based on one coordinate set per 0.15 ps and minimized for 2000 steps using the conjugate gradient method and the full NMR constraints switched on to bring the most obvious averaging effects back to equilibrium (RMSD between the initial average and the minimized average was <0.3 Å).
(Vi) Structure Analysis of the Backbone. The ptraj module for Amber 6.0 was used to extract the dihedrals of the sugarphosphate backbone and the sugar phase angles from the average structure.
(Vii) Structure Analysis of the Helical Parameters. The X3DNA program (16) was used to calculate the helical parameters of the single-stranded DNA and RNA average oligos.
D. Calculations of Shielding Factor.
The shielding tensors affecting protons near various aromatic systems have previously been quantified by ab initio calculations with the gauge invariant atomic orbital (GIAO) method (17) using the HF/ 6-31G* theory level (18). A common feature of the calculated shielding gradients for benzene and carbonyl model systems is that when moving from the center of the aromatic bond in a plane that lies 3-4 Å above or under (Z-axis displacement) the plane of the bond toward any edge the shielding drops sharply from maximum shielding to no shielding at a displacement in the X-Y plane of approximately 2 Å from the bond.
Based on the theoretical observations above, a model has been used to estimate the combined shielding effect on each base proton (H6/H8 and H2/H5) for the modeled ssRNA and ssDNA. The displacement in the X-Y plane (Å) of each proton (H8, H2, and H6) from the nearest edge of the neighboring nucleobases was first measured in both the 3′ (n + 1) and 5′ (n -1) directions. Each of these distances were then normalized to a sigmoidal function,
}, that has the characteristic that it maintains its maximum value (1.0) and then drops to its minimum value (0.0) at a point centered around an x-value of 2 Å, using the scaling factor 0.5. The value for the 3′ (n + 1) and 5′ (n -1) directions were then summed to give a total value between 0 and 2 that is proportional to the shielding received from the neighboring ring systems.
This model is based on the approximations that the ring current is evenly distributed in the neighboring nucleobases and that the rise is the same between all adenine steps. Since the structures used in this model only represent a state in which the molecules reside between 50% and 75% of the NMR time, we consider this model sufficiently accurate to show the differences in stacking between ssDNA and ssRNA.
RESULTS

A. Internal Motion and OVerall Molecular Tumbling.
Compared to the double-stranded forms, the nucleobases in ssDNA and ssRNA have much more motional freedom due to the absence of interstrand hydrogen bond stabilization. Therefore, lower energy barriers of internal motion of both the opening and slide of the nucleobase itself and the pseudorotation of the sugar moieties are expected, resulting in overall increased dynamics. The size of the oligomers studied are relatively small, leading to short correlation times compared to the more commonly studied larger duplex structures. This has a direct effect on the NOE build-up rates (19) . The increased dynamics can make any specific pair of protons spend more time in conformations that either do contribute very strongly or do not contribute at all to the net NOE transfer, thereby leading to either over-or underestimation of the corresponding distances. Second, the short correlation time of both the overall molecular tumbling and the internal motions will reduce the NOE transfer rate through the spectral density function, resulting in slow buildup rates. With this in mind, NOESY cross-peaks have not been quantified numerically, nor could any full relaxation matrix treatment be performed, because the substantial presence of internal dynamics could lead to overestimations of the corresponding distances (19) . Instead, the NOESY cross-peaks have been forgivingly classified as strong or weak, where strong cross-peaks correspond to a distance shorter than 5.0 Å and weak cross-peaks correspond to a distance shorter than 6.5 Å. The main conclusions of differences in stacking preorganization in ssDNA and ssRNA are made by comparing the relative intensities of corresponding cross-peaks in ssDNA and ssRNA with respect to each other and classifying them as being stronger or weaker.
B. Single-Strand Stacking. The shielding of aromatic protons as a function of temperature, pH, and concentration has previously been used as a way to roughly quantify the stacking between the stacking adenines (20) . We here use the crystal structure of the Dickerson-Drew dodecamer (DD) and the corresponding 1 H chemical shifts of the aromatic H2 proton as a starting point to define a fully stacked adenine by assuming that in the solution state the DD only exists in duplex form at 273 K. The H2A 5 is completely overlapped by the shielding cone of the A 6 aromatic ring system ( Figure  2B ), while the H8A 6 proton is extruded into the major groove and therefore is not a useful marker, since it does not provide a value of the maximum shielding in fully stacked form. Compared to the monomeric 2′-deoxyadenosine 3′,5′-bisethyl phosphate (3a) (Figure 1 ), the H2A 5 proton in DD experiences a 1.09 ppm upfield shift (O oligo , see section G) due to the stacked conformation in the duplex (note that the H2 proton does not participate directly in interstrand hydrogen bonding). The central H2's of A 2 and A 3 in ssDNA (1a) (Figure 1 ) have corresponding oligomerization shifts of 0.81 and 0.87 ppm (Table 2) , thus showing that these protons experience 70-80% of the shielding effect that a stacked H2 proton in a purine tract in a structurally known duplex structure does. The shielding of the same protons has further been compared at 363 K where all specific basebase interactions are assumed to be thermally distorted, and the H2 protons only experience the shielding from random internal motion. The same comparison using the relative deshielding induced by temperature-dependent destacking (273-363 K) instead shows that the H2 protons in ssDNA (∆δ ) 0.39 and 0.45 ppm) experience 50-60% of the deshielding that the corresponding protons in the duplex melting do (∆δ ) 0.77) ( Table 2 ). In conclusion, the relative shielding indicates that the central adenine bases in the ssDNA hexamer reside more than 50% of the time in a stacked geometry in aqueous solution at low temperature.
C. ssDNA and ssRNA Backbone Preorganization. In a double-stranded DNA or RNA oligomer, a NOE footprint pattern can provide direct evidence for the helical turn of the molecule. The observed footprint pattern found ( Figure  3 ) for ssDNA and ssRNA suggests that they have righthanded helical structure, which very closely corresponds to those expected (Table 3) for the corresponding doublestranded helix. NOESY spectra showed sequential NOE connectivity between each of the neighboring residues for both ssDNA and ssRNA. In both A-and B-type DNA conformation, the H6/H8 n of one nucleobase to the sugar of the previous residue (H1′, H2′ / ′′, H3′) n-1 to its base H6/H8 n-1 on to the next neighboring sugar residue (H1′, H2′ / ′′, H3′) n-2 form a pattern throughout the helix with distances that are between 2.0 and 5.1 Å (all distances for canonical A-and B-type models are shown in Table S1 in the Supporting Information). A typical Z-type structure does not produce this pattern since the sequential distances between H6/H8 n and (H1′, H2′ / ′′, H3′) n-1 are all between 6.9 and 8.0 Å ( Table  3 ). The presence of this NOE connectivity [H6/H8 n to (H1′, H2′ / ′′, H3′) n-1 ] for both the ssRNA and ssDNA hexamers (Figure 3 , as well as Figure S4 in the Supporting Information) shows that the single-strand oligos do indeed spend a significant time in the NMR time scale occupying a righthanded helical conformation, which is typical of the A-or B-type double-stranded structures (1a). Significant contribution from a Z-type structure is ruled out because one would expect increased intensities of H6/H8 n -H5′ / ′′ n-1 cross-peaks compared to pure A-or B-type structures in the NOESY spectra since these distances are only 3.3 and 4.7 Å for Z-type conformation, to be compared with 6.9 and 7.2 Å for A-type and 6.2 and 6.7 Å for B-type conformation. All nucleobases are also in the anti conformation since in the syn conformation the H2 is further away from H1′ but H8 is closer to H1′ of the same residue, thus resulting in an increased intensity of the H8-H1′ cross-peak (Watson-Crick base pair, 3.5-3.8 Å; Hoogsteen base pair, ∼2.7 Å [21] ) and the disappearance of the H2-H1′ cross-peak (Watson-Crick base pair, 4.2-4.5 Å; Hoogsteen base pair, ∼5.9 Å [21] ). Since neither of these observations are made for either the ssRNA or ssDNA hexamers (1a and 1b) (Figure 3) , we conclude that the conformations statistically available to the singlestrand hexamers at room temperature and below are dominated by right-handed conformations, even though it is void of stabilization from any hydrogen bond base pair formation.
D. Comparison of NOESY Footprints between ssDNA and ssRNA. A further comparison has been made between the NOESY footprints of the hexameric ssDNA (1a) and ssRNA (1b). The intraresidue H6/H8-H3′ (A-form, 3.2 Å; B-form, 4.4 Å) and H5-H3′ (A-form, 4.9 Å; B-form, 6.4 Å) crosspeaks, as well as the interresidue H6/H8-H3′ (n-1) (A-form, 3.2 Å; B-form, 5.1 Å) and H5-H3′ (n-1) (A-form, 4.9 Å; B-form, 6.4 Å) cross-peaks, are significantly stronger in the ssRNA hexamer than in the ssDNA counterpart ( Figure 3A) . In contrast, the interresidue H6/H8-H1′ (n-1) (A-form, 4.3 Å; B-form, 3.0 Å) and H5-HH1′ (n-1) (A-form, 5.0 Å; B-form, 3.8 Å) cross-peaks are stronger in ssDNA compared to ssRNA. Thus, the main differences between the ribo and the deoxy hexamers are found for the distances involving the H3′ proton ( Figure 3E and Table S1 in the Supporting Information). This is expected since its relative position changes dramatically between the North and South sugar pucker modes (1a).
As reported above, the sugar proton ∑ 3 J H1′ couplings show that the central residues of the hexameric ssDNA are predominantly in South conformation, which is characteristic for B-type DNA duplex conformation, while the central residues of the hexameric ssRNA are predominantly in North conformation (Table 1) , which is in turn associated with A-type conformation (1a). This suggests a predominant population of the A-and B-type helical conformation for ssRNA (1b) and ssDNA (1a), respectively, in the NMR time scale.
The differences between the two NOE footprints (Table  3 and Figure 3 ), associated with their preferred sugar conformations, strongly suggests that the ssDNA (1a) is not completely random coiled but rather has a substantial population of the preorganized B-type conformation while the ssRNA (1b) is preorganized to a large extent in an A-type conformation. To our knowledge, this is the first report of the NMR conformational features of native, unbound, stretched-out single-strand DNA and RNA that shows that the single-strand DNA or RNA is not completely in a random-coil state but they are preorganized into a righthanded helical conformation.
E. NMR-Constrained Molecular Dynamics (NMR-MD)
Simulations of ssDNA and ssRNA. Based on the NMR observations above (see Experimental Procedures section for details), we have performed 1.5 ns of NMR-MD simulations (at 298 K) for both hexameric ssDNA and ssRNA (see Experimental Procedures section for details of NMR constraints, as well as for MD simulation protocol) using following NMR constraints: (a) 16 NMR constraints of the backbone dihedral angles (see Tables S2A and S2B for a list of dihedral constraints in the Supporting Information); (b) classification of observed NOE (diffusion) cross-peaks at τ m ) 800 ms into strong (1.8-5.0 Å) and weak (3.0-6.5 (5′-purineadenine-pyrimidine-3′), the ratio of experienced shielding is ∼80% for the single-stranded base. The H2A 2 [black solid squares] only experiences 44% of the shielding, which is natural because the main shielding of H2 according to the found stacking pattern comes from the base to the 5′ end. In this case, that is the terminal G 1 , which is expected to show increased dynamics and thereby, in average, spend less time shielding the following base. Panel B shows a projection of purine-purine stacking along the Z-axis taken from the crystal structure of the Dickerson-Drew dodecamer (DD). H8 protons are extruded into the major groove (green) while the H2 protons (red) are stacked under the shielding cone of the 3′ residue. Å) cross-peaks leading to a total of 46 interresidue and 95 intraresidue distance constraints for ssDNA and of 41 interresidue and 70 intraresidue distance constraints for ssRNA. All interresidue NOE cross-peaks are summarized in Figure S3 in the Supporting Information. For the last 100 ps of the 1.5 ns long MD trajectory (Figure 4) , we have collected snapshots every 10 ps that had an RMSD less than 1.0 Å (Table 4 ). These 10 structures are superimposed and shown in Figure 6 (panels A and B).
The MD simulation was also continued for another 1.5 ns without the NMR constraints at 298 K. The structures in this NMR-unconstrained MD ( Figure 9 ) for both ssDNA and ssRNA were found to be distorted considerably giving an RMSD change of 6-8 Å for both single-stranded structures compared to the NMR-constrained structures shown in Figure  4 . The comparison of the MD profiles in Figures 4 and 9 clearly shows the importance of the NMR constraints in the characteristic stacking geometries intrinsic in these structures, which also interestingly show that the single-stranded structures of DNA and RNA are not so random, they are indeed preorganized (Figure 6 ).
Simulations were also performed to make sure that enough conformational space was sampled in the MD simulations. An NMR constrained temperature cycling protocol (100 to 450 K and back to 100 K) of total 900 ps was also applied to the ssRNA and ssDNA for simulated annealing-like (SA) MD simulations, using the less preferred canonical form as starting structure (i.e., B-type conformation for ssRNA and A-type conformation for the ssDNA) in a solvated in a box filled with water molecules with added sodium ions. In these SA-MD runs, all NMR constraints used are the same as in the above MD protocol (Table S1 and Figure S3 in the Supporting Information). In these simulated annealing MD studies, the same final set of conformations were produced as those by the constrained MD protocol. The RMSD of the structures generated by SA protocol and those by the constrained MD protocol (Figure 4 ) is <1.8 Å for ssDNA and <1.7 Å for ssRNA.
F. Structural Analysis. The main difference between the calculated ssDNA and ssRNA structures lies in that they both retain the sugar phase angle, as well as the related torsion, that is preferred in duplex form also in single-strand form. Most interestingly, even though these results are expected from the ∑ 3 J H1′ , the sugar and torsions also steer the stacking pattern differently in ssDNA and ssRNA. This manifests itself in offsets in roll, slide, and inclination that (3a), Figure 1 ]
d %shielding ) 100(δH2 hexamer/δH2 duplex). . The H6/H8 n -H3′ (n-1) cross-peak in C3′-endo sugar conformation in ssRNA is stronger than that in ssDNA because the aromatic H8 and the H3′ in the former are in closer proximity due to their pseudoaxial orientation. In contrast, the aromatic H8 and the H3′ in ssDNA are both pseudoequatorial because of the sugar taking up the C2′-endo conformation. The H6/H8 n -H1′ (n-1) cross-peaks (boxes 3 [H8A 1 -H1′G] and 4 [H6C-H1′A 4 ], panels C and D), are found to be stronger for ssDNA (C) than for ssRNA (D) for the reversed structural argument (see panel E). The H5C-H6C cross-peak is used as the internal reference and is marked with box R in panels C and D. Panel E shows the structures of the G-A base step in a canonical B-DNA compared to that of the canonical A-RNA. They clearly show the characteristic shorter H6/H8 n -H1′ (n-1) distance (3.0 Å) and longer H6/H8 n -H 3′ (n-1) distance (5.1 Å) in the DNA step, while the RNA step shows the opposite characteristics, longer H6/H8 n -H1′ (n-1) and shorter H6/H8 n -H3′ (n-1) . This is reflected in their respective NOESY cross-peak intensities shown in Figure 4A . The NMR-MD derived geometry of the nucleobase overlap suggests that we have nearest-neighbor dispersion interactions with an attractive electrostatic character between the relatively electron-deficient pyrimidine and the relatively electron-rich imidazole moieties at each dinucleotide step. The important difference lies in the relative directionality of this interaction. The zooms highlighting the stacking geometries of each dinucleotide step of the hexameric ssDNA (1a) and ssRNA (1b) (Figure 6, panels C and D) show that the imidazole stacks above the pyrimidine in the 5′ to 3′ direction in ssDNA (1a) while, in contradistinction, the pyrimidine stacks above the imidazole in the 5′ to 3′ direction in ssRNA (1b). In ssDNA, the H2 protons are completely overlapped by the shielding cone of the base from the 5′-side (n -1), while the H2 protons of ssRNA are mainly extruded and only partly shielded by the base from the 3′-side (n + 1). The situation is reversed for the H8 protons. In ssDNA, the H8 protons are extruded, while they receive full shielding by the base to the 5′-side (n -1) in ssRNA. This means that the negative π-surface of one pyrimidine ring gets into the proximity of the relatively positive imino and amino hydrogens normally involved in base pairing of the n + 1 and n -1 neighboring base for DNA and RNA, respectively.
The stability of two 9-adeninyl and two naphthyl groups joined by a three-atom linker (2-methylpropanoic acid) has been previously studied (23) . Although theoretical calculations indicate that bis-naphthyl stacks better than bis-9-adeninyl groups in water (22) , NMR experiments show the opposite (23). Luo et al. (24) explain this deviation from the expected result by the points of attachment of the linker to the aromatic rings being different in the two molecules, thereby more restricting the geometry available to stacked conformations for the bis-naphthyl than for the bis-adeninyl. The same reasoning can be used to explain the different stacking patterns found for ssDNA and ssRNA. Since the molecular compositions of the bases are identical for ssDNA and ssRNA, the obvious difference lies in the sugarphosphate backbone motif (the "linker" for aglycones in nucleic acids), in that the sugar moiety of the former consists of 2′-deoxyribosyl moieties while the latter consists of ribosyl units. We draw the conclusion that, even though there are small differences in partial charges of the base atoms, the observed difference in stacking directionality in ssDNA and ssRNA originates from their respective preferred sugar conformations. Both the hexameric ssDNA and ssRNA maintain their respective sugar conformations that they prefer in duplex form (A-form for RNA and B-form for DNA), which has the effect that the orientation of the base relative to the sugar is different in ssDNA and ssRNA (pseudoequatorial in 2′-endo-3′-exo conformation versus pseudoaxial in 2′-exo-3′-endo conformation), and therefore the energetically available hyperspace for stacking is expected to be significantly different. Thus, the bases will be most probable to populate the lowest energy stacked conformation within the conformational hyperspace dictated by the sugar conformation.
G. EValuation of Stacking Patterns.
The chemical shifts of the ssDNA and ssRNA base protons have been used to identify and confirm the stacking pattern found in the MD simulations ( Figure 6 ). The displacement of the H6, H8, and H2 protons in the X-Y plane, relative to the closest ring atom of the neighboring bases (n + 1 and n -1) have been measured and compared with the chemical shift shifts (∆δ) obtained both from oligomerization and destacking processes. The oligomerization shift is defined as the difference in chemical shift between each proton inside the single-stranded oligomer and the chemical shift of the corresponding proton in monomer form. Oligomerization shifts are calculated for the individual nucleotide residues in the oligos (O oligo ) with respect to the corresponding monomeric nucleotide [dGpEt (2a)/GpEt (2b) or EtpdApEt (3a)/EtpApEt (3b) or EtpdC (4a)/EtpC (4b), Figure 1 ] (i.e., oligomerization shift ) ∆δ (NpEt/EtpNpEt/EtpN-O oligo ) , in ppm, at 298 K). The different magnitudes of the upfield shifts (anisotropic shielding) of the different protons show how that particular proton experiences the aromatic ring current of the nearest neighboring nucleobase(s) (7f,j). The destacking shift is defined as the difference in the chemical shift for each base proton at low temperature (298 K) and high temperature (363 K) where any specific stacking is assumed distorted (i.e., destacking shift ) ∆δ 363Κ-298Κ , raw data in Figure S5 in the Supporting Information). The displacements (Å) of the marker protons relative to the neighboring bases, and thus the stacking shielding, are extracted from the average structures of the final 100 ps MD simulations of the singlestranded DNA and RNA (see the Experimental Procedures section for details of the MD simulations and the calculation of the shielding factors from the displacement).
Linear regression plots of the oligomerization or destacking shifts of the marker protons versus their respective shielding factors have been made (Figure 7A,B) . The Y-axis (shielding) is calculated directly from the coordinates of the final MD structures, while the X-axis (∆δ) is calculated from raw NMR data. A high degree of correlation is found for both the plot using the oligomerization shift (R ) 0.83, Figure 7A ) and the plot using the destacking shift (R ) 0.82, Figures 7B) as ∆δ source on the X-axis. It is noteworthy that the same kind of correlation plots, instead using strands in canonical A-and B-type conformation as structural input on the Y-axis, gives a lower linear correlation factor (R ) 0.69 for oligomerization and R ) 0.68 for destacking shift [plots not shown]), thus giving some indication of the sensitivity of this method.
These back calculations of the predicted shielding effects on the chemical shifts of the base protons validate the basebase stacking pattern of the ssDNA and ssRNA hexamers produced by the MD simulations. The clear difference between the deoxy and the ribo hexamers is highlighted by the complete absence of correlation when the coordinates are swapped between the two (R ) 0.077 for oligomerization and R ) 0.070 for destacking shift, plot not shown).
Even though both H2 and H8 protons from ssRNA, as well as ssDNA, fall on the same line when correlated with the proton coordinates, the H2 protons are much more sensitive markers than the H8 protons due to their accurate and systematically different distribution for ssRNA and ssDNA (Figure 7 ). This is a direct reflection of the fact that the microenvironments around the H2 protons are distinctly different in ssDNA and ssRNA.
The two methods used to estimate the degree of relative shielding of each base proton are fully correlated, R ) 0.92 for the ssDNA protons and R ) 0.97 for the ssRNA protons (Figure 8 ). There is however a 0.1 ppm offset, most likely originating from that the ssDNA protons receive more shielding from the rapid motions at high temperature (δ 363K ). This would be the result of that ssDNA become less distorted by the increased dynamics and maintain stacking at higher temperatures than ssRNA, due to better flexibility or somewhat more stable stacking or both of ssDNA compared to ssRNA. As can be seen in Figure 7A ,B, this does not Entries 1 and 2 show the RMSD between 10 snapshots from the last 100 ps of the total MD simulation (1.5 ns, see Experimental Procedures section) and their respective average structures during the last 100 ps for ssDNA (entry 1) and ssRNA (entry 2), thereby showing the rms deviation within the respective group of structures. Entries 3 and 4 show the RMSD between the same 10 snapshots during the last 100 ps and the corresponding canonical single strand for the ssDNA (B-DNA) and ssRNA (A-RNA). b Values include all six residues from G to C (note higher RMSD originates from relatively larger motion of the terminal residues). c Values include four middle residues from A 1 to A 4 in which motions are relatively more restricted.
FIGURE 4: Panel A shows the mass-weighted RMSD between the ssDNA (1a) molecular modeling trajectory and the minimized starting structure. Panel B shows the mass-weighted RMSD between the ssRNA (1b) molecular modeling trajectory and the minimized starting structure. Panel C shows the total potential energy of the ssDNA (1a) with all constraints switched on. Panel D shows the total potential energy of the ssRNA (1b) with all constraints switched on.
further add to the error of the method, the main contribution to the error comes from the fact that the structural input for each base step in the correlation (Y-axis shielding value) originates from a conformation that is only populated to 50-80% and, therefore, includes a large unavoidable uncertainty factor when studying molecules with significant internal motion.
DISCUSSION
The different adeninyl-adeninyl stacking modes of ss-DNA in relation to ssRNA manifest themselves in several phenomena that have been observed in this lab (7) and in other laboratories (2, 5, 6) . pH titration studies (7f,j) have shown that the aromatic protons along the chain in ssRNA show a pK a variation of ∼0.2 units of the guanine imino proton in the 5′-GAAAAC-3′ sequence. The isosequential ssDNA shows variations of ∼0.9 units, which directly reflects the efficiency of modulation by the different basebase stacking patterns, together with the micromagnetic field gradients from nearby electrons experienced by the different marker protons, as the respective stacks are perturbed by the deprotonation.
The same works (7f,j) have also shown that the pK a of the guanine imino proton itself is modulated by the different stacking patterns in ssDNA and ssRNA. In ssRNA, the pyrimidine ring of the neighboring adeninyl shields the imino proton from the 3′ end but not from the 5′ end. The reverse is true for ssDNA where the pyrimidine ring of the neighboring adeninyl shields the imino proton from the 5′ end but not from the 3′ end. This positions the relatively electron-rich surface of the pyrimidine ring close to the relatively positive imino proton of the guaninyl. Directional differences in pK a have been reported (7f,j and Table S3 in the Supporting Information): for ssRNA and ssDNA, 5′-r(GAAC)-3′ (9.76) and 5′-r(CAAG)-3′ (9.43), 5′-rCGA-3′ , while the trend is opposite in 5′-dCGA-3′ (10.01) and 5′-dAGC-3′ (10.10) . Thus, the guanine is less prone to release its imino proton when it stacks to the 5′-end of a purine in ssRNA and to the 3′-end of a purine in ssDNA. This may be due to direct electrostatic charge modulation between the stacking bases or through FIGURE 5: A summary of the backbone and helical parameters that differ significantly between ssDNA (1a, black) and ssRNA (1b, red). A complete compilation of the helicals and dihedrals are presented in Figure S4 in the Supporting Information.
interactions between the neighboring base and the solvent, making it harder for the negative OH -both to approach and to withdraw the imino proton. A more general observation (7j) is that a guanine flanked by two pyrimidines always has a lower pK a than a guanine flanked by two purines (Table  S3 in the Supporting Information), thus underlining the general importance of nearest-neighbor screening for imino proton reactivity. [Although the stacking geometry is only one variable affecting the pK a of a proton, it is possible to correlate the pK a of different single-strand oligomers to the X-Y displacement of the imino proton relative to the positions of the neighboring bases using the stacking FIGURE 6: Superimpositions of the MD snapshots and zooms highlighting the stacking geometries of each dinucleotide step of the hexameric ssDNA (1a) and ssRNA (1b). Panels A and B show the superimpositions of 10 snapshots from the last 100 ps of the 1.5 ns MD run for ssDNA (1a) and ssRNA (1b), respectively. Panels C and D show the stacking geometry at each dinucleotide step of the minimized average structure of the last 100 ps of the 1.5 ns MD simulation for ssDNA (1a) and ssRNA (1b), respectively. Note that the imidazole stacks above the pyrimidine (5′f3′) in ssDNA (1a) while, on the contrary, the pyrimidine stacks above the imidazole (5′f3′) in ssRNA (1b).
model from the MD studies in this work. Fourteen ssDNA sequences and 11 ssRNA sequences give a correlation factor of 0.66 ( Figure S6 in the Supporting Information).]
Another interesting phenomenon that can be correlated to the different stacking in ssDNA and ssRNA is the duplex stabilization by dangling-end residues. This directional specificity of dangling-end stabilization (6) can be directly correlated to the amount of screening the dangling-end motif provides for the hydrogen bonds of the closing base pair and is fully consistent with the stacking model suggested in this paper. A 5′-dangling end residue following the ssDNA stacking geometry will position itself over and protect the closing base pair while the corresponding ssRNA stacking will position the dangling base away from the closing base pair and vice versa for 3′-dangling ends. Thus, the observed stacking patterns provide a rationale for the direction-specific stabilization provided by dangling base overhangs in DNA and RNA (6). , and H6) from the nearest edge of the neighboring nucleobase was measured in both 3′ and 5′ directions; the distances were then normalized to a sigmoidal, y ) 1 -1/{1 + 10 [(2-x)/2] }, and summed to give a value proportional to the shielding received from the neighboring ring systems (see Experimental Procedures section)) of the neighboring bases for the modeled ssDNA (1a) and ssRNA (1b). The relatively good correlation validates the observed stacking patterns in the ssDNA and ssRNA simulations. There are no correlations of the modeled ssDNA (1a) and ssRNA (1b) when the oligomerization shifts (R ) 0.077) and destacking shifts (R ) 0.070) have been swapped between the RNA and DNA structures, thus showing that there is really a significant difference between the stacking patterns of the two hexamers. FIGURE 8: Correlation plot of the adeninyl protons between the oligomerization shifts and the destacking shifts. The two methods used to estimate the amount of shielding at each base proton are fully correlated, R ) 0.92 for ssDNA and R ) 0.97 for ssRNA. There is however a 0.1 ppm offset, most likely originating from the ssDNA protons receiving more shielding from the rapid motions at high temperature (δ 363K ). The same correlation using the points of both ssDNA and ssRNA together have a correlation factor of R ) 0.86. FIGURE 9: The mass-weighted RMSDs of the MD trajectories (1.5 ns) obtained upon gradual release of the NMR constraints from the final structures of the NMR-constrained MD trajectories in Figure 4 for ssDNA (1a, A) and ssRNA (1b, B). The final NMR constrained structures in Figure 4A ,B are used as the starting point as well as for reference for the NMR-unconstrained MD to show the distortion of the structures from the point where the NMR constraints are released. This gives a distortion of 6-8 Å for both single-stranded structures after 1.5 ns of free MD at 298 K.
CONCLUSIONS
(1) The endocyclic 3 J HH of the sugar moieties of the singlestranded ssRNA and ssDNA show that the constituent sugars maintain their preferred average conformations even though there is no hydrogen bond stabilization through base pair formation ( Table 1 ). The central adenine bases spend 50-80% of the time in stacked conformation as evident from the comparison of chemical shifts (Table 2) .
(2) The NOESY footprints of the ssRNA and ssDNA oligomers show both intra-and interresidue cross-peaks the relative intensities of which place ssRNA in an NMR time average conformation that is more of A-type than either Bor Z-type and vice versa for ssDNA, which is more of B-type.
(3) The NMR-MD derived geometries of the nucleobase overlaps at each dinucleotide step of the hexameric ssDNA (1a) and ssRNA (1b) show that the electron-rich imidazole stacks above the electron-deficient pyrimidine in the 5′ to 3′ direction in ssDNA (1a) while the pyrimidine stacks above the imidazole (5′ to 3′) in ssRNA (1b) (Figure 6 ) in purinepurine stacking. This places the negative π-surface of one pyrimidine ring into the proximity of the more positive imino and amino hydrogens normally involved in base pairing of the n + 1 and n -1 neighboring bases for DNA and RNA, respectively.
(4) The shielding experienced by each base proton in the oligomer compared to its chemical shift in monomer form and the high temperature destacked state is systematically different in ssDNA and ssRNA (Figure 8) . The X-Y displacement of each proton relative to the shielding cones of the neighboring ring systems correlate with the difference in chemical shift of that particular proton due to oligomerization (R ) 0.83) and destacking (R ) 0.82). The coordinates of the corresponding oligomer MD simulation are used to estimate the influence of the neighboring bases (see Experimental Procedures section). This correlation is completely lost (R ) 0.07) when the coordinates for ssDNA and ssRNA are reversed.
(5) In ssRNA, the δH8A is relatively more deshielded by pH titration (∆δ ) δ pH12 -δ pH7 ) compared to that of δH2A. This trend is reversed in ssDNA in which δH2A changes more compared to that of δH8A (7f,j). This shows that the marker protons experience different shielding gradients upon pH-induced perturbation in ssDNA and ssRNA, thus strongly indicating that the orientation of the base-base stacking in the ground state is different in the two, and hence they have different spatial positions relative to the shielding cones of the neighboring bases.
(6) Directional differences in the base-base stacking interactions and the resulting conformational changes (Table  S3 in the Supporting Information [7f,j]) could alter the hydration properties around the aglycones in a variable manner, which could play a key role in the perturbation of the pK a observed for the 9-guaninyl in different isosequential ssDNAs and ssRNAs.
(7) That the NMR constraints indeed reflect the present structures of the ssDNA and ssRNA has been demonstrated unambiguously by the fact that mass-weighted RMSDs of the structures (harvested through the MD trajectories for 1.5 ns) obtained upon gradual release of the NMR constraints from the final NMR-constrained structures show a distortion of 6-8 Å for both single-stranded structures after 1.5 ns of free MD at 298 K. Table S1 providing a summary of all interproton distances (from NOESY) used for structure evaluation of DNA and RNA; Table S2 giving the dihedral and sugar phase angle and puckering amplitude constraints (from NMR) used in the molecular modeling simulations; Table S3 giving a comparison of sequence-dependent pK a and ∆G pK a ob of the 9-guanylate ions; (2a, 2b, 3a, 3b, 4a, 4b) and hexameric (1a, 1b) ssDNA and ssRNA; Figure S1 showing NMR assignments for compounds 1a and 1b; Figure S2 showing oligomerization shifts at 298 K for the aromatic protons in ssDNAs (1a) and ssRNAs (1b); Figure S3 showing the interresidue cross-peaks used in the structure generation for ssDNA (1a) and ssRNA (1b); Figure S4 providing a comparison of the backbone dihedrals and helical paramters of the average structures of the final 100 ps of the MD simulation between ssDNA (1a) and the ssRNA (1b); Figure  S5 showing the temperature-dependent drift of the ssDNA and ssRNA aromatic protons due to kinetically driven destacking; Figure S6 giving the shielding coefficient of the imino proton of G calculated using the stacking pattern for dGAAAAC and rGAAAAC plotted versus the pK a . This material is available free of charge via the Internet at http:// pubs.acs.org.
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